Background {#Sec1}
==========

For lowlanders who rapidly ascend to altitude above 2500 m, headache has been considered as the most frequent complaint \[[@CR1], [@CR2]\]. According to the most widely-accepted diagnose criteria, the Lake Louise Consensus scoring system identified headache as the cardinal symptom of acute mountain sickness (AMS) \[[@CR3]\]. The International Headache Society defined high altitude headache (HAH) as a headache that develops within 24 h of ascent to high altitude and resolves within 8 h of descent \[[@CR4], [@CR5]\]. Previous studies have reported that the incidence of HAH is over 70% within 24 h after rapidly ascending above 2500 m \[[@CR2]\].

Numerous studies have been emerged on epidemiology, clinical characteristics, pathophysiological mechanisms, treatment and risk factors of HAH \[[@CR1], [@CR6]--[@CR8]\]. Recent studies suggested that the cause of HAH may be hypoxia-induced cerebral cytotoxic oedema, brain swelling and increased intracranial pressure \[[@CR6]\]. In addition to oxygen inhalation, aspirin and acetaminophen were often used for HAH treatment, and the effect are contradictory \[[@CR9], [@CR10]\]. Several studies have demonstrated that young age, smoking history, higher body mass index history of migraine, high heart rate (HR) and low pulse oxygen saturation (SpO~2~) are independent risk factors for HAH \[[@CR1], [@CR11]--[@CR13]\]. Previously, Huang et al. performed the first investigation on the relationship between hematological parameters and HAH before and after rapid ascending at 3700 m with 45 subjects, and found that HAH is associated with sea-level reticulocyte and neutrophil counts \[[@CR14]\]. Because erythrocytes are the principal carrier of oxygen in the circulatory system, the hematological parameters may provide useful information regarding HAH. Moreover, some studies demonstrated that fluid retention is an important feature of AMS, but other studies have demonstrated that low fluid intake is an independent risk factor of HAH, and glomerular filtration rate estimates increases with AMS severities after rapid ascent to high altitude \[[@CR15]--[@CR18]\]. Over all, most of the studies had small sample sizes, the results were contradictory, and no definitive clear answer is available.

The present study was based on the hypothesis that some hematological and biochemical parameters would be related with HAH. We aimed to explore the association between physiological, hematological, biochemical parameters (including renal function parameters) and the risk of HAH after a 3-days ascending to the altitude of 3700 m. We carried out a repeated measurement design based on two phases (50 m and 3700 m) before and after ascending at high altitude for 318 healthy young Han Chinese males. Physical, hematological and biochemical parameters were collected at each phase, respectively.

Methods {#Sec2}
=======

Participants {#Sec3}
------------

In total, 318 young Chinese males who lived at 50 m and ascended to Tibet for physical training were recruited in this study. All participants reported their disease history, medication history, smoking and drinking history in structured case report forms (CRFs). The inclusion criteria were healthy 18--35 year old Han Chinese men whose primary residence was at an altitude of ≤1000 m and had no high-altitude exposure in recent 2 years. The exclusion criteria were cardio-cerebrovascular diseases, neurological and psychiatric diseases, episodic or chronic migraine diseases or chronic headache symptoms (any headache occurring on more than 2 weeks/mouth), autoimmune diseases, respiratory diseases, malignancy, liver and kidney dysfunction, active infection or a bad cold. Participants who took acetazolamide, diuretics, steroids or nonsteroidal anti-inflammatory drugs during the ascending were excluded. Subjects who agreed to participate underwent a short instruction and explanation of the purpose of this study, and all participants have signed the informed consent before their first examinations. The study was approved by the Human Ethics Committee of Fudan University.

Study procedures and measurements {#Sec4}
---------------------------------

All participants ascended to altitude of 3700 m (Lhasa, Tibet) within 72 h by train from sea level (altitude of 50 m, Henan). The baseline physiological, hematological and biochemical measurements were performed in the morning, one week prior to the departure at 50 m. Within 24 h after their arrival at 3700 m, the participants underwent assessments of their physiological, hematological and biochemical parameters, as well as HAH. All participants were monitored by trained physicians for any signs of high-altitude cerebral or pulmonary edema, and immediate treatment will be addressed for emergent cases \[[@CR19]\]. During the period of study, all participants maintained the same diet. Caffeine beverage consumption, alcohol consumption and medication use were prohibited, smoking and heavy exercises or physical labor were also avoided.

Structured case report forms (CRFs) were used to record the demographic data (age, body mass index (BMI), chest circumstance, smoking and drinking history) and all measurements at sea level and 3700 m for each participants. After the acute exposure at 3700 m, the physicians scored HAH based on self-description of patients (0 = no headache; 1 = mild headache; 2 = moderate headache; 3 = severe headache) was recorded, and the time and place of headache onset was recorded retrospectively. We used a two-repeated measurement method to collect the heart rate at resting (HR, beats/min), systolic blood pressures at resting (SBP, mmHg), diastolic blood pressure at resting (DBP, mmHg) and Oxygen saturation (SpO~2~, %), operated twice by two independent professional physicians and recorded the average value. SBP and DBP were measured using a standardized mercury sphygmomanometer, while SpO~2~ was measured using Nellcor NPB-40 (USA).

Morning fasting venous blood (4 ml) was collected with EDTA-K2 at both sea level and 3700 m, and 2 ml of the samples were used to assay blood cell parameters by a hematology analyzer (Sysmex pocH-100i, Japan) within 2 h. The hematological parameters included red blood cell count (RBC, × 10^12^/L), hemoglobin (Hgb, g/L), hematocrit (Hct, %), mean corpuscular volume (MCV, fL), mean corpuscular hemoglobin (MCH, pg), white blood cell count (WBC, × 10^9^/L), lymphocyte percentage (LYM%), absolute lymphocyte count (LYM\#), platelet count (PLT, × 10^9^/L) and mean platelet volume (MPV, fL). The rest 2 ml blood specimens were centrifuged 3000 r/min for 10 minus to separate plasma. Biochemical parameters including alanine aminotransferase (ALT, U/L), aspartate aminotransferase (AST, U/L), blood urea nitrogen (BUN, mmol/L), serum creatinine (CREA, umol/L), total serum bilirubin (T-BIL, umol/L), direct serum bilirubin (D-BIL, umol/L) and indirect serum bilirubin (I-BIL, umol/L) were measured using automatic biochemistry analyzer (TOSHIBA TBA-120FR).

The diagnosis of HAH was based on the International Classification of Headache Disorders 3β criteria \[[@CR5]\], but not strictly (no test for descending), restricted by the complex situations of field study.

Statistical analyses {#Sec5}
--------------------

The normality of continuous data was assessed by Shapiro-Wilk's test. Normally distributed data were presented as the means±standard deviations (SD), non-normally distributed data were presented as median (interquartile range, IQR) and enumerated data were expressed as numbers (%). The differences of measurements between sea level and 3700 m were compared using paired-sample student's t-test for normally distributed data, and the comparisons of differences between HAH positive (HAH+) and HAH negative (HAH-) groups were analyzed by independent student's t-test. The non-normally data were compared using the Mann-Whitney U test. The spearman correlations between HAH score and the measurements at sea level and 3700 m were analyzed. Univariate logistic regression was performed to assess the relationships between each measurements and HAH at 3700 m. Significant variables in any of the above three analyses were included in forward stepwise multivariable logistic regression, and analyzed separately at sea level and 3700 m. The significant level of *p*-value is 0.05 (two-tailed). The analyses flowchart was shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1The flowchart of this study. HAH+, high-altitude headache (HAH); HAH-, none-HAH

Results {#Sec6}
=======

Total 318 participants had complete CRFs, physiological, hematological and biochemical measurements (Additional file [1](#MOESM1){ref-type="media"}). The mean age and BMI of the participants in this study were 21.87 ± 3.33 years and 22.06 ± 1.99 kg/m^2^. The incidence of HAH after acute exposure to 3700 m is 74.84% (Additional files [2](#MOESM2){ref-type="media"} and [3](#MOESM3){ref-type="media"}).

Alterations in physiological, hematological and biochemical measurements {#Sec7}
------------------------------------------------------------------------

Most of the physiological, hematological and biochemical parameters were dramatically altered after acute exposure to high altitude from sea level, beside of Hct, MCH and LYM%. For the physiological measurements, SpO~2~ decreased from 98.00 (IQR, 98.00--98.20) to 88.00 (IQR, 85.10--90.20) (*p* \< 0.01), while HR, SBP and DBP significantly increased from sea level to 3700 m. For the hematological measurements, RBC, Hgb, Hct, PLT, MCH, MPV, WBC and LYM\# all significantly increased, while MCV showed significant decrease (all *p* \< 0.001). However, the alteration of LYM% between sea level and 3700 m was not significant. For the biochemical measurements, ALT, AST, CREA, TBIL, DBIL and IBIL exhibited a significant increase, while BUN had no significant difference between sea level and 3700 m. (Table [1](#Tab1){ref-type="table"}).Table 1Comparison of physiological, hematological and biochemical parameters between sea level and 3700 m (*N* = 318)Measurements at sea-levelMeasurements at 3700 m*p*Demographic data Age, y21.87 ± 3.33the same as sea-level-- BMI, kg/m^2^22.06 ± 1.99the same as sea-level-- chest circumstance, cm86.11 ± 5.09the same as sea-level-- Smoking, yes(%)102 (32.1)the same as sea-level-- Drinking, yes(%)39 (12.3)the same as sea-level--Physical parameters SpO~2~, %98.00 (98.00--98.20)88.00 (85.10--90.20)\< 0.001\*\* HR, beats/min67.49 ± 9.1884.17 ± 12.15\< 0.001\*\* SBP, mmHg111.22 ± 9.81120.52 ± 12.8\< 0.001\*\* DBP, mmHg71.85 ± 8.1481.77 ± 9.56\< 0.001\*\*Hematological parameters RBC, \*10^12^5.00 (4.80--5.20)5.11 (4.82--5.49)\< 0.001\*\* Hgb, g/L151.10 (144.00--157.00)157.00 (147.00--169.30)\< 0.001\*\* Hct, %44.49 ± 3.1048.42 ± 6.08\< 0.001\*\* MCV, fL92.20 (90.00--94.22)86.50 (84.40--88.62)\< 0.001\*\* MCH, pg30.59 (29.61--31.30)30.90 (30.20--32.10)\< 0.001\*\* PLT, \*10^9^206.79 ± 44.77244.97 ± 69.80\< 0.001\*\* MPV, fL10.50 (9.80--11.00)10.60 (10.20--11.00)0.006\*\* WBC, \*10^9^6.10 (5.40--7.10)7.90 (7.00--9.50)\< 0.001\*\* LYM%, %36.23 ± 7.5936.49 ± 9.060.833 LYM\#, \*10^9^2.20 (1.90--2.60)2.95 (2.50--3.40)\< 0.001\*\*Biochemical parameters ALT, U/L18.00 (15.00--23.00)39.20 (30.40--48.50)\< 0.001\*\* AST, U/L15.10 (12.30--18.50)31.00 (25.50--40.60)\< 0.001\*\* BUN, mmol/L4.45 (3.89--5.28)4.60 (4.10--5.25)0.109 CREA, umol/L58.00 (49.00--68.10)105.40 (98.60--114.00)\< 0.001\*\* TBIL, umol/L12.60 (10.80--14.00)12.30 (10.20--15.65)0.023\* DBIL, umol/L3.10 (2.30--3.50)4.70 (3.90--5.80)\< 0.001\*\* IBIL, umol/L9.70 (8.50--10.50)7.70 (5.80--10.65)\< 0.001\*\**SpO*~*2*~ blood oxygen saturation, *HR* heart rate at resting, *SBP* systolic blood pressure, *DBP* diastolic blood pressure, *RBC* red blood cell count, *Hgb* hemoglobin, *Hct* hematocrit, *MCV* mean corpuscular volume, *MCH* mean corpuscular hemoglobin, *PLT* platelets count, *MPV* mean platelet volume, *WBC* white blood cell, *LYM%* lymphocyte rate, *LYM\#* lymphocyte count, *ALT* alanine aminotransferase, *AST* aspartate aminotransferase, *BUN* blood urea nitrogen, *CREA* creatinine, *TBIL* total serum bilirubin, *DBIL* direct serum bilirubin, *IBIL* indirect serum bilirubinNormally distributed variables were presented as mean ± SD, and compared using paired-sample T test; Non-normally distributed variables were presented as mean (interquartile range), and compared using Mann-Whitney U test\**p* value indicates *p* \< 0.05; \*\**p* value indicates *p* \< 0.01

Comparison of physiological, hematological and biochemical parameters between the HAH+ and HAH- groups {#Sec8}
------------------------------------------------------------------------------------------------------

Regarding the measurements at sea level, compared to the HAH- group, the HAH+ group had significant higher age (HAH+: 22.05 ± 3.53 vs HAH-: 21.30 ± 2.69, *p* = 0.046) and significant lower BUN (HAH+: 4.38 (3.82--5.08) vs HAH-: 4.69 (3.99--5.53), *p* = 0.029). There were no significant differences in the physiological and hematological measurements at sea level (all *p* \> 0.05, Table [2](#Tab2){ref-type="table"}).Table 2Difference between HAH+ and HAH- subjects in demographics, physiological, hematological and biochemical parameters at sea level and 3700 mMeasurements at sea levelMeasurements at 3700 mHAH+ (*n* = 238)HAH- (*n* = 80)*p*HAH+ (*n* = 238)HAH- (*n* = 80)*p*Demographic data Age (year)22.05 ± 3.5321.30 ± 2.690.046\*The same as sea-levels BMI (kg/m^2^)22.08 ± 2.0221.96 ± 1.860.662The same as sea-levels Chest Circumstance (cm)86.19 ± 5.3086.04 ± 4.590.813The same as sea-levels Smoking (yes, %)73 (30.7)29 (36.3)0.417The same as sea-levels Drinking (yes, %)29 (12.2)10 (12.5)0.978The same as sea-levelsPhysiological parameters SpO~2~ (%)98.00 (97.90--98.00)98.00 (98.00--98.00)0.17188.00 (84.90--90.40)90.00 (87.30--92.10)\< 0.001\*\* HR (beats/min)67.72 ± 8.9966.91 ± 9.860.52285.30 ± 12.0980.77 ± 11.75\< 0.001\*\* SBP (mmHg)110.97 ± 10.09111.98 ± 8.880.405119.74 ± 13.10123.41 ± 11.100.046\* DBP (mmHg)71.69 ± 8.2372.30 ± 7.910.56981.42 ± 9.8682.99 ± 8.390.251Hematological parameters RBC (\*10^12^)5.00 (4.80--5.20)5.00 (4.70--5.20)0.5595.10 (4.83--5.48)5.11 (4.75--5.55)0.955 Hgb (g/L)151.30 (144.00--157.00)150.00 (143.80--158.10)0.945157.00 (149.60--168.30)157.00 (144.50--170.40)0.641 Hct (%)45.69 ± 2.4645.70 ± 2.490.98148.61 ± 5.9547.83 ± 6.470.364 MCV (fL)92.30 (90.00--94.75)92.00 (90.20--94.10)0.59886.50 (84.40--88.92)86.40 (84.30--87.75)0.336 MCH (pg)30.60 (29.59--31.36)30.59 (29.73--31.02)0.45930.90 (29.95--32.10)31.00 (30.18--31.75)0.939 PLT (\*10^9^)207.95 ± 44.97203.33 ± 44.270.438244.8 ± 68.6245.3 ± 73.80.960 MPV (fL)10.50 (9.80--11.02)10.40 (9.70--10.91)0.32610.60 (10.20--11.03)10.60 (10.30--11.00)0.965 WBC (\*10^9^)6.00 (5.40--7.00)6.50 (5.50--7.35)0.0907.90 (7.10--9.50)7.95 (6.98--9.38)0.791 LYM rate (%)36.60 ± 7.5835.12 ± 7.560.14436.53 ± 9.6836.36 ± 6.890.871 LYM count (\*10^9^)2.20 (1.90--2.60)2.15 (1.90--2.60)0.7033.00 (2.51--3.40)2.95 (2.58--3.50)0.910Biochemical parameters ALT (U/L)18.10 (15.00--24.10)18.00 (14.00--21.00)0.18739.20 (28.50--49.30)39.00 (29.30--46.80)0.563 AST (U/L)15.20 (12.00--20.00)14.00 (12.10--17.75)0.23731.00 (25.00--40.25)32.00 (27.20--38.50)0.581 BUN (mmol/L)4.38 (3.82--5.08)4.69 (3.99--5.53)0.029\*4.50 (4.02--5.20)4.80 (4.40--5.40)0.003\*\* CREA (umol/L)58.00 (49.00--65.00)59.00 (50.10--68.20)0.082105.30 (98.50--115.00)106.80 (99.70--113.30)0.811 TBIL (umol/L)12.50 (10.80--14.00)12.70 (10.85--14.00)0.87612.75 (10.20--15.75)12.90 (10.20--15.50)0.709 DBIL (umol/L)3.10 (2.30--3.50)3.10 (2.15--3.50)0.5534.85 (3.90--5.90)4.60 (3.80--5.80)0.274 IBIL (umol/L)9.60 (8.50--10.43)9.90 (8.50--10.55)0.9337.60 (5.80--10.70)7.80 (6.00--10.40)0.877*HAH* high altitude headache, *HAH+* with high-altitude headache, *HAH-* without high-altitude headache, *SpO*~*2*~ blood oxygen saturation, *HR* heart rate at resting, *SBP* systolic blood pressure, *DBP* diastolic blood pressure, *RBC* red blood cell count, *Hgb* hemoglobin, *Hct* hematocrit, *MCV* mean corpuscular volume, *MCH* mean corpuscular hemoglobin, *PLT* platelets count, *MPV* mean platelet volume, *WBC* white blood cell, *LYM%* lymphocyte rate, *LYM\#* lymphocyte count, *ALT* alanine aminotransferase, *AST* aspartate aminotransferase, *BUN* blood urea nitrogen, *CREA* creatinine, *TBIL* total serum bilirubin, *DBIL* direct serum bilirubin, *IBIL* indirect serum bilirubinNormally distributed variables were presented as mean ± SD, and compared using student's t-test; Non-normally distributed variables were presented as mean (interquartile range), and compared using Mann-Whitney U test; Categorical variables were compared using fisher's exact test;\**p* value indicates *p* \< 0.05; \*\**p* value indicates *p* \< 0.01

Regarding the measurements at 3700 m, compared with the HAH- group, the HAH+ group had significant lower SpO~2~ (HAH+ 88.00 (84.90--90.40) vs HAH- 90.00 (87.30--92.10), *p* \< 0.001), lower SBP (HAH+ 119.74 ± 13.10 vs HAH- 123.41 ± 11.10, p = 0.046) and lower BUN (HAH+ 4.50 (4.02--5.20) vs HAH- 4.80 (4.40--5.40), *p* = 0.003). The HAH+ group also had significant higher HR than HAH- group (HAH+ 85.30 ± 12.09 vs HAH- 80.77 ± 11.75, p \< 0.001). The hematological measurements showed no significant differences between HAH+ and HAH- groups at 3700 m (all *p* \> 0.05, Table [2](#Tab2){ref-type="table"}).

Relationship between physiological, hematological and biochemical parameters and HAH {#Sec9}
------------------------------------------------------------------------------------

We further used Spearman's correlation analyses to explore the relationship between measurements and the HAH severity. For the measurements at sea level, no significant association was observed between demographic data or all measurements and HAH severity. For the measurements at 3700 m, HAH severity was significantly associated with SpO~2~ (*r* = − 0.365, *p* \< 0.001), HR (*r* = 0.249, *p* = 0.002) and BUN (*r* = − 0.176, *p* = 0.006). The hematological measurements showed no significant correlation with HAH severity (all p \> 0.05, Table [3](#Tab3){ref-type="table"}).Table 3Relationships between HAH score and all the parameters at both sea level and 3700 m (*N* = 318)Measurements at sea-levelMeasurements at 3700 mWith HAH score r*p*With HAH score r*p*Demographic data Age (y)0.1130.053The same as sea-level BMI (kg/m^2^)0.0870.129The same as sea-level Chest Circumstance (cm)0.0790.187The same as sea-levelPhysical parameters SpO~2~ (%)−0.0850.168−0.365\< 0.001\*\* HR (beats/min)0.0030.8590.2490.002\*\* SBP (mmHg)−0.0490.471−0.0500.518 DBP (mmHg)−0.0730.246−0.0080.865Metabolic parameters RBC (\*10^12^)0.0130.9840.0410.468 HGB (g/L)0.0080.9100.0460.358 HCT (%)0.0150.9760.0560.333 MCV (fL)−0.0120.927−0.0080.620 MCH (pg)0.0200.640−0.0420.941 PLT (\*10^9^)0.0570.336−0.0210.420 MPV (fL)0.0770.428−0.0230.871 WBC (\*10^9^)−0.1020.1310.0810.900 LYM% (%)0.0240.688−0.0610.341 LYM\# (\*10^9^)0.0350.6870.0170.278Biochemical parameters ALT (U/L)0.0720.3880.0560.987 AST (U/L)0.0650.446−0.0510.100 BUN (mmol/L)−0.0710.211−0.1760.006\*\* CREA (umol/L)−0.0450.4250.0090.759 TBIL (umol/L)−0.0040.8450.1050.657 DBIL (umol/L)0.0370.5810.0340.672 IBIL (umol/L)−0.0270.5390.1060.583*HAH* high altitude headache, *SpO*~*2*~ blood oxygen saturation, *HR* heart rate at resting, *SBP* systolic blood pressure, *DBP* diastolic blood pressure, *RBC* red blood cell count, *Hgb* hemoglobin, *Hct* hematocrit, *MCV* mean corpuscular volume, *MCH* mean corpuscular hemoglobin, *PLT* platelets count, *MPV* mean platelet volume, *WBC* white blood cell, *LYM%* lymphocyte rate, *LYM\#* lymphocyte count, *ALT* alanine aminotransferase, *AST* aspartate aminotransferase, *BUN* blood urea nitrogen, *CREA* creatinine, *TBIL* total serum bilirubin, *DBIL* direct serum bilirubin, *IBIL* indirect serum bilirubin\**p* value indicates *p* \< 0.05; \*\**p* value indicates *p* \< 0.01

Risk factors for HAH at sea level and 3700 m {#Sec10}
--------------------------------------------

To discover risk factors for HAH, we performed univariate logistic regression for all parameters at sea level and at 3700 m. Among the sea level parameters, the univariate logistic regression revealed that only BUN associated with HAH significantly (OR:0.78, 95% CI:0.61--0.99, *p* = 0.044). Meanwhile, among the parameters at 3700 m, SpO~2~ (OR:0.84, 95% CI:0.77--0.90, *p* \< 0.001), HR (OR:1.03, 95% CI:1.01--1.06, *p* = 0.004) and BUN (OR:0.72, 95% CI:0.55--0.93, *p* = 0.012) exhibited significant association with HAH (Table [4](#Tab4){ref-type="table"}).Table 4Univariate logistic regression for each measurements at sea level and 3700 m (*N* = 318)Measurements at sea levelMeasurements at 3700 mβ-coefficientOR95% CI*p*β-coefficientOR95% CI*p*Demographic Data age (y)0.0761.080.99--1.190.090The same as sea level BMI (kg/m2)0.0281.030.90--1.180.674The same as sea level Chest (cm)0.0061.010.96--1.060.825The same as sea level smoking−0.2490.760.42--1.330.453The same as sea level drinking−0.0550.970.45--2.160.917The same as sea levelPhysical parameters SpO~2~ (%)−0.0580.940.75--1.120.555− 0.1760.840.77--0.90\< 0.001\*\* HR (beats/min)0.0101.010.98--1.040.5010.0321.031.01--1.060.004\*\* SBP (mmHg)−0.0100.990.96--1.020.433−0.0220.980.95--1.000.068 DBP (mmHg)−0.0090.990.96--1.020.576−0.0170.980.95--1.010.291Hematological parameters RBC (\*10^12^)−0.1970.820.39--1.760.6050.0721.070.75--1.550.696 HGB (g/L)−0.0021.000.97--1.030.9060.0041.000.99--1.020.460 HCT (%)−0.0011.000.90--1.110.9810.0221.020.98--1.070.341 MCV (fL)0.0141.010.96--1.060.5800.0201.020.98--1.070.356 MCH (pg)0.0231.020.89--1.160.7180.0151.020.92--1.130.770 PLT (\*10^9^)0.0021.000.99--1.010.4390.0001.000.99--1.010.959 MPV (fL)0.1361.150.88--1.510.3200.0391.040.70--1.560.847 WBC (\*10^9^)−0.1530.860.71--1.030.1050.0411.040.92--1.190.525 LYM% (%)0.0131.010.99--1.060.9590.0021.000.97--1.030.890 LYM\# (\*10^9^)0.0261.030.61--1.700.1440.0741.080.78--1.500.655Biochemical parameters ALT (U/L)0.0271.030.99--1.070.1190.0141.010.97--1.070.561 AST (U/L)0.0301.030.99--1.080.1800.0051.000.98--1.030.670 BUN (mmol/L)−0.2520.780.61--0.990.044\*−0.3300.720.55--0.930.012\* CREA (umol/L)−0.0210.980.95--1.000.0960.0031.000.98--1.030.823 TBIL (umol/L)0.0431.040.91--1.190.5310.0261.030.97--1.090.345 DBIL (umol/L)0.1611.170.79--1.750.4270.1371.150.97--1.370.117 IBIL (umol/L)0.0511.050.87--1.280.6050.0171.020.96--1.090.599*[SpO]{.ul}*~*[2]{.ul}*~ blood oxygen saturation, *HR* heart rate at resting, *SBP* systolic blood pressure, *DBP* diastolic blood pressure, *RBC* red blood cell count, *Hgb* hemoglobin, *Hct* hematocrit, *MCV* mean corpuscular volume, *MCH* mean corpuscular hemoglobin, *PLT* platelets count, *MPV* mean platelet volume, *WBC* white blood cell, *LYM%* lymphocyte rate, *LYM\#* lymphocyte count, *ALT* alanine aminotransferase, *AST* aspartate aminotransferase, *BUN* blood urea nitrogen, *CREA* creatinine, *TBIL* total serum bilirubin, *DBIL* direct serum bilirubin, *IBIL* indirect serum bilirubin\**p* value indicates *p* \< 0.05; \*\**p* value indicates *p* \< 0.01

Multivariate logistic regression was performed for parameters which showed significant associations with HAH in univariate logistic regression, correlated with headache score, or showed significant difference between HAH+ and HAH- groups. For parameters at sea level, only BUN showed significant protective effect on HAH (OR:0.77, 95% CI:0.60--0.99, *p* = 0.040), but for parameters at 3700 m, multivariate logistic regression revealed that SpO~2~ (OR:0.84, 95% CI:0.76--0.93, *p* \< 0.001), HR (OR:1.03, 95% CI:1.00--1.07, *p* = 0.042) and BUN (OR:0.64, 95% CI:0.46--0.88, *p* = 0.007) were all independent risk factors for HAH (Table [5](#Tab5){ref-type="table"}).Table 5Forward stepwise multivariate logistic regression for HAH at sea level and 3700 m (*N* = 318)β-coefficientOR95% CI*p*-valueMeasurements at sea level (after variable selection)age0.0751.080.99--1.180.092BUN−0.2590.770.60--0.990.040\*Measurements at 3700 m (after variable selection)age0.0901.090.98--1.230.110SpO~2~−0.1910.840.76--0.930.001\*\*HR0.0291.031.00--1.070.042\*SBP−0.0190.980.95--1.010.091BUN−0.4520.640.46--0.880.007\*\**SpO*~*2*~ blood oxygen saturation, *HR* heart rate at resting, *SBP* systolic blood pressure, *BUN* blood urea nitrogen\**p* value indicates *p* \< 0.05; \*\**p* value indicates *p* \< 0.01

Discussion {#Sec11}
==========

Alterations in physiological, hematological and biochemical parameters {#Sec12}
----------------------------------------------------------------------

Our study identified alterations in physiological, hematological and biochemical parameters from sea level to altitude of 3700 m. High altitude hypoxia lead a reduction of SpO~2~, which may result in a decrease in the delivery of oxygen and energy to organs and tissues. Dropped blood oxygen level may stimulate carotid chemoreceptors and activate the autonomic nervous system, which results in the cardiac output improvement, finally leading to increased HR \[[@CR20]\]. The observation of our study is in consistency with previous studies \[[@CR1], [@CR7], [@CR13]\].

The low humidity, hypoxic tachypnea and reduced fluid intake can lead to insensible fluid lose at high altitude \[[@CR15], [@CR16]\]. In addition, within hours of exposure to high altitude hypoxia, hypoxic tachypnea may lead to respiratory alkalosis, increased natriuresis and diuresis, promoting fluid shift away from intravascular space, result in blood concentration, even hypovolemia \[[@CR21]\]. Our study observed most hematological parameters (RBC, Hgb, Hct, MCH, PLT, WBC and LYM\#) were elevated from sea-level to altitude of 3700 m within a 72 h ascending processes, which also in consistency with previous studies \[[@CR14]\].

Our study also observed that serum creatinine increased dramatically after ascent from sea level to 3700 m, indicating a significantly decreased estimated glomerular filtration rate (eGFR). Previous study has suggested that a linear decrease of eGFR with the increase of altitude, which may related to a reduction of renal plasma flow (secondary to the increased sympathetic activity) \[[@CR18]\]. In addition, our study found that there was only little change of BUN from sea level to 3700 m, which is inconsistent with previous study \[[@CR22]\]. Because both BUN and creatinine were commonly used as renal function markers, we draw a scatter plot to explore the change of the relationship between BUN and creatinine at 50 m and 3700 m (See fig. [2](#Fig2){ref-type="fig"}). This figure showed that there is a strong linear correlation between BUN and creatinine is at 50 m altitude, but no significant correlation after ascent to 3700 m. The BUN level represent the urea concentration of plasma, which can be reabsorbed in inner medullary collecting duct (IMCD), while creatinine can not be reabsorbed \[[@CR23], [@CR24]\]. Some studies indicated that urea generation in hepatocytes can be obstructed by insufficient adenosine triphosphate (ATP) supply and depressed levels of arginine and citrulline after exposure to hypoxia, but the genesis of creatinine is relatively constant \[[@CR25]\]. This may be an explanation to the change of relationship between BUN and creatinine after rapid ascending to high altitude.Fig. 2the correlation between BUN and creatinine at 50 m and 3700 m. BUN, Blood urea nitrogen (mmol/L); CREA, creatinine (umol/L)

The physiological risk factors for HAH at 3700 m {#Sec13}
------------------------------------------------

The elevation of altitude results in a lower partial pressure of oxygen in the inspired air, and SpO~2~ is a direct parameter that reflect the oxygen delivery. Insufficient oxygen consumption of cerebral tissue leads to function disorder and cytotoxic oedema, which is the main cause of HAH \[[@CR26]\]. In addition, increased HR reflect the activity of sympathetic nervous system, which can lead to higher cardiac output and vasoconstriction of viscera, promote the redistribution of blood (mostly into vital organs such as brain). The accumulation of fluid in the brain result in increased intracranial pressure (ICP), which is another crucial cause of HAH \[[@CR6]\]. Multiple lines of studies have reported that reduced SpO~2~ and increased HR are independent risk factors for HAH, which is supported by our findings \[[@CR1], [@CR7], [@CR11]\].

Blood urea nitrogen is an independent risk factor for HAH at both sea level and 3700 m {#Sec14}
--------------------------------------------------------------------------------------

Our results first found that BUN is an independent risk factor of HAH at both sea level and 3700 m, and the values of BUN at 3700 m positively associated with HAH severity. Although more evidence of this finding is lacking, there still can be some potential explanations.

The first possible explanation is that the urea concentration may reflect the oxygen supply and utilization in cells. As discussed above, the correlation between BUN and creatinine showed a good linearity at sea level but no correlation at 3700 m, suggest that the production of BUN may be affected by high altitude environment, and the concentration of BUN may partially reflect metabolism status and the oxygen utilization status of hepatocyte. Relative to BUN, other liver function parameters such as ALT, AST and bilirubin were aimed at substantial damage of liver and biliary tract. Some vitro experiments demonstrated that under hypobaric hypoxia, ATP was decreased in multiple cell lines, and as the oxygen concentration was decreased, production of both urea in isolated rat hepatocytes declined \[[@CR25], [@CR27], [@CR28]\]. Study on the effect of acute hypoxic hypoxia on the profile of plasma amino acids in rats showed that after exposure to hypoxia for 5 h, the concentrations of arginine and citrulline (which are related to the urea cycle) were depressed \[[@CR25]\]. These findings implicate that the BUN concentration in plasma may reflect the oxygen-driven catabolism, and higher BUN may indicate better oxygen supply and utilization of hepatocytes, even brain cells, which is the main cause of HAH.

The second potential explanation is that the hyperosmolar properties of urea may help with reducing intracranial pressure and brain volume \[[@CR29]\]. Through brain imaging of patients with acute mountain sickness, some studies showed that intracellular and extracellular water accumulation influenced by increased permeability of the blood--brain barrier, resulted in cerebral swelling, sulci disappearing and changing of grey matter \[[@CR6]\]. These verified that the inflation of brain volume and elevation of ICP is a vital sign of HAH. In 1960s, urea became the first widely used hyperosmolar compound in clinic for reducing ICP and alleviating cerebral swelling \[[@CR30], [@CR31]\]. The penetrability of urea from extracellular into brain tissue is 1/10 compared with the penetration into muscle, and its blood to brain transfer coefficient (a measurement of clearance) is 5 × 10^− 3^ ml/g/min, a value that is 3 orders of magnitude lower than water \[[@CR32]\]. Therefore, exogenous urea can maintain certain osmotic pressure inside and outside the brain cell and prevent excessive accumulation of liquids and cerebral swelling. Because urea undergoes renal excretion, the dehydrating effect of exogenous urea on parenchyma is short lived, and the effect of endogenous urea during brain oedema have not been studied.

Another possible explanation is the products from urea cycle, nitric oxide (NO). Arginine generated as intermediate products by argininosuccinate lyase during urea cycle, and is the basic substrate of nitric oxide synthase (NOS) for generating nitric oxide. Nitric oxide has a short half-life and rapidly diffuses into the vascular smooth muscle where it affects modulation of calcium ions, mediated by cyclic guanosine monophosphate (cGMP), leading to vasodilatation \[[@CR33]\]. They have significant effects in relieving pulmonary hypertension, improve cardiac output and blood gas exchange \[[@CR34]\]. However, relevant studies about the correlation between ICP, pulmonary hypertension and endogenic urea are still lacking.

Limitations {#Sec15}
-----------

Limited by field study, the time of onset of headache of participants were recorded by memories, not precisely, which should be improved in future. After the onset of headache, participants have not descent to low altitude immediately, which not strictly satisfied the criteria of the International Classification of Headache Disorders. The sample size was small, and there are many other potential risk factors that can be considered in the study, such as nitric oxide and PaCO~2~. The participants in our study were all young male individuals, which may limit extrapolation of our results.

Conclusions {#Sec16}
===========

Our study found the frequency of HAH was high (74.84%) after acute exposure to 3700 m. We confirmed that SpO~2~ and HR at 3700 m are independent risk factors for HAH, and firstly identified the independent association between BUN and HAH at both sea level and 3700 m, which suggested that lower BUN may be a new independent risk factor for HAH.
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================

 {#Sec17}

Additional file 1:The distribution and QQ-norm plot of SpO2 at 50 m and 3700 m. (DOCX 168 kb) Additional file 2:The incidence of mild, moderate and severe headaches after ascent to 3700 m altitude. (DOCX 16 kb) Additional file 3:The Shapiro-Wilk normality test of parameters at 50 m and 3700 m. (DOCX 12 kb)

ALT

:   alanine aminotransferase

AMS

:   acute mountain sickness

AST

:   aspartate aminotransferase

ATP

:   adenosine triphosphate

BMI

:   body mass index

BUN

:   blood urea nitrogen

cGMP

:   cyclic guanosine monophosphate

CREA

:   creatinine

CRFs

:   Structured case report forms

DBIL

:   direct serum bilirubin

DBP

:   diastolic blood pressure

eGFR

:   estimated glomerular filtration rate

HAH

:   high-altitude headache

Hct

:   hematocrit

Hgb

:   hemoglobin

HR

:   heart rate

IBIL

:   indirect serum bilirubin

ICP

:   intracranial pressure

IMCD

:   inner medullary collecting duct

IQR

:   interquartile range

LYM

:   absolute lymphocyte count

LYM%

:   lymphocyte percentage

MCH

:   mean corpuscular hemoglobin

MCV

:   mean corpuscular volume

MPV

:   mean platelet volume

NO

:   nitric oxide

NOS

:   nitric oxide synthase

OR

:   Odds ratio

PLT

:   platelet count

RBC

:   red blood cell count

SBP

:   systolic blood pressure

SD

:   standard deviations

SpO2

:   blood oxygen saturation

TBIL

:   total serum bilirubin

WBC

:   white blood cell count

**Electronic supplementary material**

The online version of this article (10.1186/s10194-018-0878-7) contains supplementary material, which is available to authorized users.

The authors thank Wenyuan Duan, MD, Tongjian Wang, MD and Kai Dong, MM (Institute of Cardiovascular Disease, General Hospital of Jinan Military Region, China) for invaluable support during data collection. The authors also thank Yajun Yang, PhD, Dr. Xingdong Chen (Fudan University, China) and Ziyu Yan, Juan Zhang and Jiangli Xue (Fudan-Taizhou Institute of Health Sciences, China) for support with the data entry of this study. No one received compensation for his/her contribution.

Availability of data and materials {#FPar1}
==================================

Unfortunately, we cannot provide raw data and materials. As stated in the informed consent signed with all participants, we would keep all personal information and subject materials confidential, which would only been used for research purpose, published as research results or conclusions. In addition, according to the cooperation agreement, the data and materials owned by our collaborators, we only have the authority to analyze and disclose the results.

Funding {#FPar2}
=======

This work was supported by the National Natural Science Foundation of China (31330038, 31521003, 31460286), Shanghai Municipal Science and Technology Major Project (2017SHZDZX01), Ministry of Science and Technology (2015FY1117000), Science and Technology Committee of Shanghai Municipality (16JC1400500), the 111 Project (B13016).

LJ were responsible for study supervision and contributed to the study concept and design, data collection, data analysis, drafting and revision of the manuscript. KW contributed to study supervision, and were responsible for data collection, data analysis, drafting and revision of the manuscript. XW, YM and YL contributed to study supervision and data collection. WP contributed to the revise of the manuscript. MZ, YW, YL and XL contributed to data analysis and interpretation, drafting and revision of the manuscript. JW contributed to study supervision, drafting and revision of the manuscript. LK contributed to the data collection. All authors read and approved the final manuscript.

Ethics approval and consent to participate {#FPar3}
==========================================

This study was approved by the Human Ethics Committee of Fudan University. All patients provided written informed consent.

Consent for publication {#FPar4}
=======================

Not applicable.

Competing interests {#FPar5}
===================

The authors declare that they have no competing interests.

Publisher's Note {#FPar6}
================

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
